As an initial step of collaborative studies carried out by the SDD project, some series of sinter-pot tests were carried out to examine formation/decomposition behavior of dioxins in the sintering bed. Test method was first assessed from a view of accurate determination of dioxins discharged in the outlet gas. It was confirmed that the pot test is an effective way to measure dioxins emissions from the sintering process.
Introduction
Since 1997, The SDD project supported by the Steel Industry Foundation for the Advancement of Environmental Protection Technology has proceeded with collaborative studies on the behavior of dioxins in the iron ore sintering process. In the project, plant measurements and tests were carried out and essential characteristics have been clarified on the macroscopic behavior of dioxins in the sintering and waste gas treatment processes. 1) For example, polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs) tend to be discharged in the last stage of sintering. Such behavior is similar to those of SOx and HCl and well corresponding to gas temperature profile among the windboxes. It was also found that chlorine content of raw materials gives a certain effect on the total amount of dioxins discharged form the sintering bed.
It is incontestable that a plant test is best for the measurement of dioxins in waste gas because its compositions are stable at any positions. However, it is not realistic to frequently use a plant for detailed studies considering large cost and labor. A sinter-pot have been used as a convenient simulator of the sintering process and has usually given reasonable results on the reaction kinetics including gaseous outlets, e.g., CO, CO 2 , NOx and SOx, and properties of produced sinter. On the analysis of dioxins in combustion gases, a standard method has been issued in Japan as JIS K 0311.
2) For a sinter-pot, however, this method cannot be directly applied, since the composition of outlet gas is unsteady. In this study, sampling and analytical methods of dioxins in the outlet gas of sinter-pot were established and some series of experiments were carried out by varying raw materials. Effect of content and the form of chlorines, kinds of dust and carbonaceous materials, addition of lime source and so forth are discussed.
Test Procedure and Sampling Method of Outlet Gas
Several sinter-pot equipments are used while the sizes of pots are quite similar to each other. The bed height of the mixture of raw materials is about 550 mm and therefore the sintering time is approximately 30 min. Hence a continuous gas sampling for 3 or 4 h, as indicated in JIS method, 2) is not applicable to the pot test. Increasing in the sampling gas volume is also difficult according to the capacity restriction of the sampling equipment. Further, flow rate of outlet gas significantly increases in the later stage of sintering due to increase in permeability of the bed. Therefore, some modification is necessary to obtain reasonable data. Following conditions were examined and applied depending on the purpose of the experiment. 1) Control of the base concentration level of dioxins in the outlet gas by the addition of model chlorine source such as PVC, NaCl or KCl
Considering relatively low concentration level of dioxins in outlet gas, an organic or inorganic chloride source first added to raw materials at 1 000 ppm on the basis of chlorine concentration. At present, the addition has decreased to less than 100 ppm chlorine without any difficulties in accurate analysis. A study using the sinter-pot without chlorine source addition will be possible in near future taking into account of continuous improvement in the analysis.
2) Control of gas sampling rate during sintering under a constant sucked pressure In order to obtain average dioxins concentration of outlet gas during sintering, the sampling rate of gas is online controlled to correspond with the superficial gas velocity of outlet gas.
3) Application of sintering under a constant gas flow rate A constant sampling rate can be applied in the case of sintering under a constant gas flow rate. Introducing this method, sampling error is fairly reduced. Therefore, it has made divided measurements possible, e.g., for every 10 min, by changing sampling equipment at a time. Although the temperature profiles of the sintering bed slightly change comparing to the sintering under a constant sucked pressure, influence on the formed amount of dioxins is regarded to be reasonably small. 4) Selective determination of dioxins homologue/congener In the earlier stage of the study, determination of PCDD/ Fs was made by the standard way, i.e., for homologues from T4CDDs to O8CDD and all of the toxic congeners. By accumulating the data from both sinter-pots and actual plants, a highly linear relation has been found between actual/toxic concentrations of PCDD/Fs and those of P5CDFs/23478-P5CDF (see Fig. 1 ). This has led to alternative way to estimate PCDD/Fs concentration using only P5CDFs and 23478-P5CDF concentrations. Thus, determination of only P5CDFs/23478-P5CDF has been partially applied for prompt analyses and reduction of analytical cost.
Effect of the Chlorine Source Addition on the Discharged Amount of PCDD/Fs
Following two major pathways have been pointed out for dioxins formation: 1) Formation through precursors, e.g., chlorobenzenes and chlorophenols, having structural parts similar to dioxins. 2) "De novo synthesis" by partial oxidation of carbon particle, e.g., "soot" formed as a combustion residue of organic compound. In future, a united description will be possible for the above two formation mechanisms, since precursor-like compounds appear to also form in the intermediate step of de novo synthesis. However, details discussion are too early at present, since many compounds seem to relate to de novo synthesis and their reactions are extremely complicated. Therefore, the above two pathways are important yet as macroscopic descriptions for dioxins formation.
Phenomena and reactions occurred in the sintering bed are illustrated one-dimensionally in Fig. 2 . The upper plain of a wet zone, which contains some free water and is less than 100°C, is placed at a few centimeter lower than the bottom plain of a combustion/melt zone being more than 1 000°C. The bed is rapidly heated in a dry/calcination zone placed between the above two zones. De novo synthesis mainly proceeds between 200 and 500°C. A part of the dry/calcinations zone is in this temperature range, although the retention time is very short. Further, it can be pointed out that if dioxins form in the dry/calcinations zone, they can be vaporized by succeeding increase in temperature and flow down to the lower bed with bulk gas stream.
Carbon particle, chlorine source and catalyst are indispensable to de novo synthesis. The main raw materials of sinter are of coarse coke as a carbon source and iron ores as iron compounds. The latter show some catalytic ability to dioxins formation although the effect is relatively smaller than copper compounds.
3) Chlorine content can be generally regarded sufficient comparing to the concerning level of dioxins formation. Further, it is necessary to consider an effect of recycle materials admixed to raw materials, such as dusts and slurries formed within the steel plant. Three series of sinter pot tests have been conducted by the addition of PVC, NaCl, oil, mill scale, anthracite and dusts. The former two are chlorine sources and the dust also contains a certain level of chlorine and carbon. PVC is an organic material as well as oil which may form soot during its combustion. Anthracite contains more volatile matter than coke. Test conditions are shown in Table 1 . Sintering under a constant sucked pressure and a constant gas flow rate were applied to series A and B/C, respectively. Chlorine contents of each raw material are listed in the table and these are in the rage between 50 and 1 050 mg/kg. Base materials contains relatively low chlorine concentrations about 50, 60 and 40 mg/kg for series A, B and C, respectively. Figure 3 shows the total amounts of PCDD/Fs discharged in outlet gas of each series of test. Comparing the results between series A and B, it is consistent that the addition of oil as an organic carbon source gives little effect and the addition of chlorine sources lead to increases in the discharged amount of PCDD/Fs. However, large differences are found in the effect of chlorine sources, i.e., PVC and NaCl. One of the reasons may be attributed to the different condition for sintering, e.g., under a constant pressure or gas flow rate, but the details have not been clarified. In series C, significant increase in the amount of PCDD/Fs can be found only in the case of the addition of Electrostatic Precipitator (EP) dust of the sintering process. A relatively small increase is also seen in the case of "anthraciteϩmill scale". This may be due to an increase in chlorine content in the mixture. On the contrary, the individual addition of anthracite, mill scale or blast furnace dust leads to decreases in the amount of discharged PCDD/Fs comparing to the base condition.
Previous researches have already reported that precipitated dusts of the sintering process has a potential for de novo synthesis. 4, 5) EP dust used in the present test contains 5.0 mass% carbon and 4.0 mass% chlorine and therefore mass ratio of chlorine/carbon is 0.80. Comparing to this value, that of the blast furnace dust is quite small, about 0.0043. If the main mechanism of PCDD/Fs formation is de novo synthesis in the dry/calcinations zone, such EP dust which contains both of carbon and chlorine in a certain extent cannot be negligible.
The amounts of discharged PCDD/Fs obtained by the series A, B and C are plotted in Fig. 4 against the chlorine content in raw materials. Although a certain linear relation can be seen between them, considerable discrepancy are also found in some points. Especially, large differences among the points at 1 050 mg-chlorine/kg-mix suggest possibility that other factors rather than the chlorine content play important roles. 
Circulation of Dioxins and Their Precursors in the Sinter Plant
Dusts formed in the iron ore sintering and succeeding waste gas treatment processes contain dioxins and also their precursors such as chlorobenzenes and chlorophenols. Therefore, recycle use of such dusts inevitably increases concentrations of dioxins and precursors in raw materials. Assuming that most of dioxins and precursors in raw materials is transferred unchanged into the outlet gas by evaporation in the sintering bed and trapped again on the dust particles, they may repeat such accumulation process and their concentration of the mixture will significantly increases. Figure 5 shows the calculation results of enrichment factor of dioxins in the raw materials against the ratio of dioxins, b, transferred directly to the outlet gas. Parameter a in the figure indicates the recycle ratio of dioxins trapped as dusts during gas treatment processes. It shows that the enrichment factor can be controlled less than 1.3, when the value of b is less than 0.2. In other words, concentrating of dioxins will not be any matter even in the case that most of dioxins are perfectly trapped by an efficient gas treatment process, if b is sufficiently small. The value of b is small when the decomposition rate of dioxins during sintering or the remaining ratio of dioxins in the produced sinter are high. Since concentrations of dioxins in the produced sinter is fairly small, 1) the remaining ratio of dioxins appears to be small. It leads to that b appears to be inversely related to the decomposition ratio of dioxins during sintering.
In the present study, the circulation of dioxins in this manner was examined by sinter-pot tests with addition of EP dust and 13 C-labeled reagents of O8CDF, 2378-T4CDF and 246-CP (chlorophenol). EP dust contains relatively higher T4CDFs because the homologue profile of EP dust corresponds well with that of outlet gas. 1) In the case using the 13 C-labeled reagents, b can be directly estimated by the determination of the discharged amount of PCDD/Fs or CPs with the frame structure consisted of 13 C. In the case of EP dust addition, b is calculated by assuming that an increase in the amount of discharged T4CDFs is equivalent to that directly transferred to the outlet gas.
The values of b obtained by the tests are listed in Table  2 . The value of b with respect to the dioxins addition is 3.7 mass% as maximum. It decreases with an increase in the number of combined chlorines and is inversely related to saturation vapor pressure of the congeners. This suggests that congeners being hard to vaporize in high temperature tend to decompose during sintering. On the other hand, the value of b for the 246-CP addition is larger, 40 mass%. This may correspond to its higher saturation vapor pressure than dioxins. However, other congeners of CPs and PCDD/Fs with the frame structure consisted of 13 C were not detected in the outlet gas of this pot test. This indicates that 60 mass% of 246-CP decomposes during sintering, and does not convert to other congeners of CPs or act as a precursor of dioxins.
The above results support that concentration of dioxins in the raw materials does not increase due to the recycle use of dusts because most of dioxins initially contained in the raw materials are decomposed during sintering. There is a possibility for concentrating of CPs, but the concentrating index can be suppressed less than 2 (see Fig. 5 ). Further, it is confirmed that CPs initially contained in the raw materials do not act as precursors of dioxins formation.
Discussions and Future Subjects

Formation Mechanism of Dioxins in the Sintering
Process of Iron Ores De novo synthesis is promoted by the co-existing catalysts in the forms of metals and/or metallic compounds, such as copper and iron. Certain chlorides of metal promote the reaction since it acts as both of a source of chlorine and a catalyst. Therefore, it may be deduced that a major root of dioxins formation in the sintering plant relates to carbon particles in own dusts. The results of the sinter-pot test series C suggests that EP dust mixed in raw materials has a potential to form dioxins during sintering.
EP dust is a mixture of the nucleated and condensed compounds from gas phase and fine materials spilled out from the sintering bed. It contains carbon particles, "soot", and metallic compounds (oxides, sulphates, chlorides etc.) with complex form. Obviously, dust forms not only at the end of sintering but also in whole sintering bed. Most of dust formed in upper bed will be immediately trapped at the lower bed. It means that EP dust-like materials exist in any time in the bed just under the high temperature zone of sintering bed. They will be heated up again by the descent of the heat wave. "Soot" may form more when using materials containing high amount of volatile matters such as anthracite and oil. In those cases, however, insignificant effects or even decreases are obtained on the amount of dis- Table 2 . Fractional amount of PCDD/Fs and chlorophenol in the mixture transferred to outlet gas during sintering. charged PCDD/Fs (see Fig. 3 ). Further, in the sintering bed, a larger amount of coke exists as a carbon source. Thus, attention should be paid on the differences of composition and properties among such carbon sources with respect to the behavior of dioxins. The details have not been clear at present, but crystalline structure of carbon particles and the forms/concentrations of co-existing chlorine and catalytic elements seems to be important factors. Following may be one of the plausible hypotheses: "soot" becomes to be structurally imperfect and to contain more chlorines and catalytic elements in the carbon structure by the repetition of evaporation (gasification) and trapping (condensation) processes. Further study is necessary on the effect of carbon structure and coexisting elements in de novo synthesis.
Search for an Effective Method to Suppress Dioxins Emissions
The relation between materials and operational conditions and the amounts of dioxins discharged in outlet gas will be clear by the progression of understanding formation/decomposition mechanism of dioxins in the iron ore sintering process. However, more positive research strategy have been considered in the project to develop an effective and reliable method to reduce the dioxins emissions. The keys of the technology are reduction of chlorine potential in the bed, suppression of the formation of "soot" and removal/poisoning of catalytic materials. Many series of studies based on this concept have been carried out mainly using sinter-pots. The results will be reported in future.
Conclusions
Formation/decomposition of dioxins in the sintering bed was examined by some series of sinter-pot tests. Especially, effect of additives in the raw materials and circulation behavior of dioxins due to the recycle use of the electrostatic precipitator (EP) dust were evaluated.
(1) A highly linear relation was found between actual/ toxic concentrations of PCDD/Fs and that of P5CDFs/ 23478-P5CDF in the outlet gas of the sintering process. This leads to an economical method for the measurement of PCDD/Fs concentration.
(2) Addition of chlorine sources to the raw materials lead to increases in the amount of PCDD/Fs discharged in the outlet gas of the sintering process. However, difference between organic and inorganic chlorine sources have not been clarified, yet. Discharged amount of PCDD/Fs does not increase by a single addition of high-volatile material without chlorine.
(3) Significant increases in the discharged amount of PCDD/Fs were found in the case of the addition of EP dust.
(4) Concentration of dioxins in the raw materials does not increase due to recycle use of EP dust because dioxins initially contained in the raw materials are mostly decomposed during sintering. "Soot" having an imperfect crystalline structure and containing both of chlorines and catalytic elements appears to be a possible cause for formation of dioxins in the sintering bed.
(5) Chlorophenols (CPs) contained in the raw materials do not act as significant precursors of dioxins formation during sintering.
